Abstract-Stereolithography (SL), one of rapid prototyping techniques, has many advantages over other methods in fabrication of three dimensional objects, particularly those used in biomedical fields. Various complex medical objects, especially scaffold, can be precisely custom-constructed using this technique. This research aims to evaluate the effect of different scaffold architectures, fabricated with photosensitive liquid polymer using SL technique, on cell responses in terms of cell proliferation and alkaline phosphatase (ALP) activity. A variety of difunctional and trifunctional (meth)acrylate resin formulations were evaluated for mechanical strength by three-point bending using Universal Testing Machine. Volume shrinkage for each formulation was also investigated. The most promising resin composition for stereolithography technique that exhibited good mechanical strength and low shrinkage was chosen for scaffold fabrication. Five scaffold architectures with different percentages of porosity, designed by computer-aided design program (CAD), were successfully fabricated to microscale scaffolds using stereolithography apparatus equipped with UV laser source. Microscale images of stereolithographic-fabricated scaffolds were observed under a scanning electron microscope (SEM). Alamar blue and alkaline phosphatase assays were used to investigate biological responses of scaffolds. The results revealed that no significant difference in cell proliferation for all patterns after 21-day culture period whereas a lower porous scaffold exhibited a greater ALP activity. 
INTRODUCTION
Stereolithography (SL), one of solid freeform fabrication techniques, has been widely used in various fields, including in medical application. This process that allows the fabrication of three dimensional objects from computer-aided design (CAD) drawings is based upon laser-induced polymerization on photosensitive liquid polymer surface. The solidified surface layer is subsequently refilled with the next layer of fresh liquid Manuscript received June 12, 2013; revised August 21, 2013. polymer, and the photopolymerization then repeats, layerby-layer, until the object is complete.
With such good advantages of SL as high geometrical accuracy and feature resolution, SL has been clinically used to fabricate custom-designed models for diagnosis and surgical rehearsal [1] , [2] . These models significantly improve preoperative planning efficiency. Besides the surgical models, SL is also a more powerful technique compared with other conventional techniques, such as freeze drying, salt leaching and so on, in fabricating complex scaffolds with precise pore distribution and uniformity for tissue engineering applications. There have been many studies on factors affecting scaffold fabricated by SL such as material formulations, built parameters, and scaffold design [3] , [4] . In addition, the biological properties that are important features for medical applications of scaffolds have been studied extensively [5] .
In this research study, acrylate-based liquid polymers were formulated and then tested for potential use as a SL resin. Various scaffold architectures were designed and constructed directly from formulated acrylic liquid polymer using SL apparatus. After post-curing process, biological responses as cell proliferation and ALP activity to scaffolds with different cellular architectures and porosity were investigated for further medical applications. Shrinkage: five cylinder specimens were prepared using a cylinder mould with dimensions of 4 mm in diameter, and 6 mm in height. An analytical balance (model GR-200, A&D Co., Ltd) equipped with a pan for making suspended mass measurement was used to determine shrinkage. All specimens were dried in an oven at 60 C for overnight, following by cooling in a dessicator to constant mass, and weighed as the dry mass (D). Then each specimen suspended in a pan was immersed in distilled water, weighed and recorded as the suspended mass (S). % Shrinkage is derived as followed;
II. MATERIALS AND METHODS

A. Photosensitive Resin
% Shrinkage =[V-(D-S) w ]/V x 100
(1)
where V = volume of cylinder mould and  w = density of distilled water
C. Scaffold Fabrication by SL Technique
A SL apparatus with 1.5W UV laser source (355 nm wavelength) constructed by MTEC, Thailand was used to fabricate a variety of scaffold structures. The building parameters were set at speed of 510 mm/sec and layer thickness of 0.1 mm. The designed scaffold architectures [6] with different types of unit cell and porosity () are shown in Fig. 1 . All built scaffolds, 5 x 5 mm size, were washed with isopropanol for few minutes to eliminate residue unreacted monomers, and post-cured by irradiating with UV for 1 h and boiling in water at 100 C for 1h to complete the polymerizaton. Finally, the scaffolds were sterilized with ethylene oxide (EO) gas prior to biological test. 
D. Biological Testing
Cell culture: The MC3T3-E1 pre-osteoblasts were used in the study. The cells were cultured in α-MEM supplement with 10%FBS, 1% penicillin/streptomycin, 10 mM β-glycerol phosphate and 100 µM L-ascorbic acid at 37C with 5% CO 2 . After 80% confluence, the cells were seeded onto the sterilized SL scaffolds at concentration of 1×10 6 cells/specimen and then incubated for 3 hours to allow the cells to attach. Afterwards, the culture medium was added onto the specimen and further cultured for 21 days. The culture medium was regularly replaced every 2 days.
Cell proliferation: After a 21-day incubation period, cell proliferation on each scaffold was assessed by an alamar blue assay, which is based on the detection of metabolic activity of the cultured cells. Briefly, the cells were incubated in a medium containing resazurin dye for 4 h. Aliquots of 200 µl of each medium were subsequently read at the fluorescence wavelength of
530/590 nm. Analysis of each sample was performed in triplicate.
Alkaline phosphatase (ALP) activity: ALP activity was determined by using alkaline phosphatase assay kit (ab83369, Abcam). This assay was performed to assess the ALP production of MC3T3-E1 pre-osteoblasts in the scaffolds. Briefly, the cell-seeded scaffolds were lyzed to obtain cell lysate solution. A 80 µl of solution was reacted with 50 µl of the 5 mM p-nitrophenyl phosphate (pNPP) as the substrate for 60 minutes and then stopped the reaction with the stop solution. After that the samples were measured by the absorbance measurement at 405 nm on a plate reader. All samples were calculated for ALP activity (U/ml) against a calibration curve of pnitrophenol standards. Analysis of each sample was performed in triplicate.
III. RESULTS AND DISCUSSION
A. Mechanical Strength and Shrinkage Performance
Mechanical properties of fabricated specimens directly indicate the completion of polymerization whereas shrinkage performance, known as the volume contraction, affects the accuracy of specimen shape. Therefore, flexural and shrinkage measurements were used as screening tests for optimizing performances of resin for SL technique. The flexural and shrinkage results of various resin formulations are illustrated in Table I .
In two-component system, flexural strengths observed for the blends of Bis-GMA and TEGDMA, a difunctional monomer, i.e. B50T50, B60T40 and B70T30 were similar, whereas shrinkage seemed to be lower with increasing in rigid aromatic structure of Bis-GMA. The use of trifunctional monomers, ETA or TMA, that provided higher rigid crosslinked network than difunctional monomer also resulted in a lower shrinkage. However, their strengths were poorer than those of difuntional monomer, with the poorest strength observed for B70ETA30 due to ethoxy structure of ETA.
In three-component system, the addition of UDMA to the difuntional blends in two-component system showed improved performance, in terms of strength and shrinkage. In this study, B60T25U15 with an optimal cost-performance was chosen as a SL resin for scaffold fabrication.
B. Scaffold Fabrication
B60T25U15 resin was used to fabricate five designed scaffold architectures as described in Fig. 1 . S-TO, d-TO, RhCO and RhTCO designs were constructed using a beam thickness of 100 mm. Gy with highly delicate pattern was constructed to two different porosity using a beam thickness of 200 mm. Each built scaffold was visualized by SEM as shown in Fig. 2 . As seen from SEM images, highly complex scaffolds were nicely formed with uniform pore distribution. Gy-scaffolds, even the low porosity one (= 87), were fragile and difficult to handle. Therefore, they were excluded from the biological study. 
C. Biological Response
Cell proliferation: Fig. 3(a) shows the fluorescence intensity of MC3T3-E1 pre-osteoblasts cultured on four types of SL scaffolds; s-TO, d-TO, RhCO and RhTCO, after 21days of cell culture. As seen from the intensity, the MC3T3-E1 pre-osteoblasts could attach and grow well in all scaffolds and showed increasing in cell proliferation after 21-day culture period. However, no significant differences in cell number were observed among different scaffold patterns. In Alamar blue assay, cells that grew deeply inside the scaffolds hardly reacted with the resazurin dye. The proliferation result was, therefore, produced mostly from the cells growing on the surface of the scaffolds, which was equal for all scaffolds with the same size.
Alkaline phosphatase (ALP) activity: alkaline phosphatase (ALP) activity was used to measure osteoblastic differentiation of MC3T3-E1 pre-osteoblasts on each scaffold after 21 days of cultivation. As revealed in Fig. 3(b) , the ALP activity of the d-TO and RhCO scaffolds were 2.30 and 2.52 U/ml, respectively, which were approximately 2 times greater than that of the s-TO and RhTCO scaffolds. This result was attributed to the different porosity and architecture of each scaffold. For a simple unit cell, i.e. s-TO, RhCO and RhTCO (as shown in Fig. 1 ), the activity increased as scaffold porosity decreased, and the RhCO scaffold with the lowest porosity of 71% showed the highest activity. Likewise, d-TO unit cell, which placed a decreasing size of s-TO inside a normal s-TO unit cell, showed double activity from that of s-TO as a result of reducing porosity. These results indicated the effects of pore architecture and porosity on the bioactivity of scaffold. The RhCO and d-TO scaffolds seemed to retain more cell population after seeding at the beginning of culture than that of the other scaffolds. Due to the higher cell density within the pore, the cells could grow more rapidly and then fully aggregated throughout the pore, resulting in suppressing of the proliferation and consequently expressing more ALP activity [7] [8] . This indicated that the scaffolds with lower porosity and suitable geometry facilitated cell behavior and enhanced their biological performance including ALP activity.
IV. CONCLUSION
A three-component acrylic-based resin formulation with optimal strength and shrinkage was used as a SL resin in this study. Scaffolds of five different architectures with porosity in the range of 71-94% were successfully fabricated using SL technique. For biological response, all scaffolds, although with different pore architectures showed equally supporting cell proliferation. The pre-osteoblasts could attach and grow well in all the SL scaffolds after 21-day culture period with no significant differences in cell numbers. However, the scaffold architecture that provided a lower porosity showed a greater ALP activity due to a higher cell density and rapidly cell aggregation within the pore. 
